The effects of the coadministration of pravastatin and an angiotensin type 1 (AT 1 ) receptor blocker, olmesartan, on glucose intolerance were examined using type II diabetic mice. Male KK-A y mice (8 weeks of age) were treated with pravastatin and/or olmesartan for 2 weeks. An oral glucose tolerance test (OGTT) was performed with an administration of 2 g kg -1 glucose. Tissue glucose uptake was determined using 2-[ 3 H]deoxyglucose. The treatment of mice with pravastatin attenuated the increase in the plasma glucose level during OGTT in a dose-dependent manner, without affecting the plasma insulin level. Pravastatin increased glucose uptake in insulin-sensitive tissue such as the skeletal muscle and adipose tissue after treatment at 5-20 mg kg À1 day À1 for 2 weeks, but not at 1 mg kg À1 day À1 . The combination of a noneffective dose of pravastatin (1 mg kg À1 day À1 ) and a noneffective dose of olmesartan (0.5 mg kg À1 day À1 ) synergistically improved OGTT without affecting the plasma insulin level. This combination also increased 2-[ 3 H]deoxyglucose uptake in the skeletal muscle and adipose tissue. The effects of pravastatin or olmesartan on OGTT and tissue 2-[ 3 H]deoxyglucose uptake were significantly enhanced by an antioxidant, tempol, whereas the effects of a pravastatin-olmesartan combination were not further enhanced by tempol. These results indicate that the combination of pravastatin and olmesartan synergistically improves glucose intolerance through an increase in tissue glucose uptake. The effects seem to be mediated by an increase in insulin sensitivity through the inhibition of oxidative stress. Keywords: angiotensin; glucose intolerance; oxidative stress; receptor; statin
INTRODUCTION
The renin-angiotensin system (RAS) has a critical role in cardiovascular function. Angiotensin (Ang) II is a major bioactive substance in RAS. Most actions of Ang II are mediated through angiotensin type 1 (AT 1 ) receptor stimulation. AT 1 receptor blockers (ARB) show beneficial effects on cardiovascular disorders, such as vascular remodeling, inflammation, cardiac remodeling after infarction and atherosclerosis. Previous reports indicate that RAS is also involved in insulin resistance and metabolic disorders. [1] [2] [3] In our previous report, an ARB, valsartan, improved glucose intolerance in diabetes model mice by enhancing insulin sensitivity. 4 Moreover, recent studies suggest that a coadministration of ARBs with other antihypertensive drugs shows beneficial effects on cardiovascular diseases. We recently reported that a calcium channel blocker, azelnidipine, synergistically enhanced the inhibitory action of an ARB, olmesartan, on brain ischemia. 5 On the other hand, statins are widely used for patients with hypercholesterolemia and atherosclerosis. The beneficial effects of statins are induced by a reduction of cholesterol synthesis through an inhibition of HMG-CoA reductase. In addition, recent studies have reported pleiotropic effects of statins on oxidative stress, inflammation and endothelial dysfunction. 6, 7 Indeed, we have previously reported that a statin inhibited atherosclerotic lesion formation, lipid accumulation, inflammatory response as well as oxidative stress in apolipoprotein E-deficient mice. 8 Moreover, a subeffective dose of statin enhanced the inhibitory effects of an ARB on atherosclerotic changes in these mice. 8 In clinical studies, statins are suggested to improve cardiovascular events in diabetic patients. 9, 10 Such a beneficial action of statins may be more apparent in type II diabetic patients with hyperglycemia, hyperinsulinemia and hyperlipidemia. However, the effect of statins on glucose intolerance is still controversial. Moreover, the mechanism of action of a statin-ARB combination on glucose intolerance is not yet clear. In this study, we examined the effects of a combination of pravastatin and an ARB, olmesartan, on glucose intolerance in type II diabetic KK-A y mice, focusing on the involvement of oxidative stress.
METHODS

Animals and treatment
Male KK-A y and C57BL/6J mice were obtained from Clea Japan Inc. (Tokyo, Japan), and housed individually from 8 weeks of age in plastic cages at 25±11C with lights on from 0600 to 1800 hours. KK-A y mice result from a cross between glucose-intolerant black KK female mice and male yellow obese A y mice, and are known to serve as an excellent model of type II diabetes. 11 They were given a standard diet (MF, Oriental Yeast Co. Ltd, Tokyo, Japan) and water ad libitum. KK-A y mice at 8 weeks of age were administered pravastain (CS-514: 1, 5 and 20 mg kg À1 day À1 , donated by Daiich Sankyo Co. Ltd, Tokyo, Japan) orally for 2 weeks and/or olmesartan (RNH-6270; 0.5 mg kg À1 day À1 , donated by Daiich Sankyo Co. Ltd) for 2 weeks using an osmotic mini-pump implanted intraperitoneally. Tempol (2,2,6,6-tetramethyl-1-piperidinyloxy, radical; Wako Pure Chemical Industries Ltd, Tokyo, Japan) was administered in drinking water (10 mmol l -1 ) for 2 weeks. Blood pressure was measured by the indirect tail-cuff method (MK-1030, Muromachi Kikai Co. Ltd, Tokyo, Japan). All experimental procedures were approved and carried out in compliance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the US National Institutes of Health and with the guidelines of the Ehime University Graduate School of Medicine Committee on Animals.
Oral glucose tolerance test (OGTT)
OGTT was performed after a 16-hour overnight fast. Glucose (2 g kg À1 ) was administered orally, and blood was collected from the orbital sinus at 0, 30, 60 and 120 min. Plasma glucose and plasma insulin were measured using commercial kits (Glucose CII test, Wako Pure Chemical Industries Ltd, Osaka, Japan; Insulin measurement kit, Morinaga Institute of Biological Science Inc., Yokohama, Japan, respectively).
Measurement of rate constant of net tissue uptake of 2-[ 3 H]deoxy-D-glucose
The uptake of 2-[ 3 H]deoxy-D-glucose (2-[ 3 H]DG) in peripheral tissues was measured as previously reported. 4 Skeletal muscles (extensor digitorum longus [EDL], soleus and red and white parts of gastrocnemius) were rapidly dissected and weighed. The rate constant of net tissue uptake of 2-[ 3 H]DG was calculated as described previously. 12, 13 
Statistical analysis
All values are expressed as mean±s.e.m. The effects of the different treatments on all data were evaluated by factorial analysis of variance. When a significant effect was found, the results were further compared with Bonferroni's multiple range test. A difference with Po0.05 was considered significant.
RESULTS
Effects of pravastatin on OGTT in KK-A y mice
As an animal model of type II diabetes, KK-A y mice showed obesity, hyperglycemia and hyperinsulinemia. The administration of pravastatin, an HMG-CoA reductase inhibitor, at a dose of 20 mg kg À1 day À1 for 2 weeks, but not at 5 mg kg À1 day À1 , significantly decreased the plasma cholesterol level (Table 1 ). Even at 20 mg kg À1 day À1 of pravastatin, body weight and systolic blood pressure did not differ from those in control (Table 1) .
As shown in Figure 1 , pravastatin decreased the plasma glucose level in a dose-dependent manner in a fed state without restriction of feeding, whereas there was no significant difference in the plasma insulin level. Figure 2 shows the changes in plasma glucose and insulin in OGTT. The plasma glucose level at time 0 (that is, after fasting) was not different in each pravastatin group. However, the peak of plasma glucose at 30 min after glucose load was decreased by pravastatin at a dose of 5 and 20 mg kg À1 day À1 without a significant difference in the plasma insulin level (Figure 2b ). On the other hand, pravastatin at a dose of 1 mg kg À1 day À1 did not change the plasma glucose curve in OGTT compared with that in non-treated mice (Figure 2a) . Male KK-A y mice were treated with pravastatin and/or olmesartan for 2 weeks, blood samples were obtained and plasma concentrations of glucose and insulin were determined as described in 'Methods'. Data are mean ± s.e.m. from 6-8 animals for each group. Pravastatin: mg kg À1 day À1 . Olmesartan: mg kg À1 day À1 . *Po0.05, w Po0.01 vs. control.
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Effects of coadministration of pravastatin and olmesartan on OGTT in KK-A y mice A combination of noneffective doses of pravastatin (1 mg kg À1 day À1 ) and olmesartan (0.5 mg kg À1 day À1 ) decreased the plasma glucose level in a fed condition without a significant change in the plasma insulin level (Figure 1 ). This combination of pravastatin and olmesartan significantly decreased the peak value of the plasma glucose level in OGTT (Figure 3 ). Olmesartan alone did not change the plasma glucose or insulin level in a fed condition or in OGTT at this dose (Figures 1 and 3 ). In addition, we have already reported that olmesartan, even at a dose of 3 mg kg À1 day À1 , did not affect blood pressure in KK-A y mice. 14 Effects of coadministration of pravastatin and olmesartan on glucose uptake in KK-A y mice Next, we examined the effect of pravastatin on glucose uptake in insulin-sensitive tissues in KK-A y mice using 2-[ 3 H]DG. Pravastatin at a dose of 20mg kg À1 day À1 significantly increased the 2-[ 3 H]DG uptake in skeletal muscle in the hindlimb and adipose tissue (Figure 4) . However, neither pravastatin alone at 1 mg kg À1 day À1 nor olmesartan alone at 0.5 mg kg À1 day À1 affected the 2-[ 3 H]DG uptake in these tissues, including in the skeletal muscle ( Figure 5 ). A combination of noneffective doses of pravastatin (1 mg kg À1 day À1 ) and olmesartan (0.5 mg kg À1 day À1 ) increased the 2-[ 3 H]DG uptake in skeletal muscle and adipose tissue to a similar degree as that of pravastatin at a dose of 20 mg kg À1 day À1 ( Figure 5 ).
Participation of oxidative stress in OGTT and glucose uptake in KK-A y mice with the antioxidant, tempol To investigate the possible involvement of antioxidative actions in the effects of the pravastatin-omesartan combination to improve insulin sensitivity, mice were treated with an antioxidant, tempol (10 mmol l -1 in drinking water), for 2 weeks. In OGTT, tempol enhanced the effects of pravastatin or olmesartan at noneffective doses, resulting in an attenuation of the plasma glucose levels in OGTT (Figure 3) . Moreover, tempol significantly enhanced the effect of a noneffective dose of pravastatin or olmesartan on 2-[ 3 H]DG uptake in skeletal muscle and adipose tissue to a similar degree as that of a combination of noneffective doses of pravastatin and olmesartan ( Figure 5 ). The administration of tempol alone did not significantly increase the 2-[ 3 H]DG uptake in skeletal muscle and adipose tissue ( Figure 5 ). In addition, tempol tended to enhance the increase in 2-[ 3 H]DG uptake caused by a combination of noneffective doses of pravastatin and olmesartan ( Figure 5 ).
DISCUSSION
This study demonstrated that treatment of KK-A y mice with pravastatin for 2 weeks decreased plasma glucose level and improved OGTT and increased glucose uptake in insulin-sensitive tissues, such as skeletal muscle and adipose tissue, in a dose-dependent manner. Moreover, we observed that glucose intolerance in type II diabetic KK-A y mice was effectively improved by a combination of noneffective doses of pravastatin and olmesartan. This combination did not modify the plasma insulin level in both a fed condition and OGTT. Instead, the combination increased glucose uptake in skeletal muscle and adipose tissue. Clinical studies suggest that treatment with ARB delayed the onset of diabetes. We have previously reported that an ARB, valsartan, improved glucose intolerance in type II diabetic KK-A y mice. 4 Another ARB, olmesartan, also improved OGTT and tissue glucose uptake and enhanced the effects of a CCB, azelnidipine, on glucose intolerance. 14 
Figure 2 Effect of pravastatin in the oral glucose tolerance test (OGTT). KK-
A y mice were treated with pravastatin for 2 weeks at the doses indicated. OGTT was performed as described in 'Methods'. Changes in plasma glucose concentration (a) and insulin concentration (b) after a glucose load are shown. Data of the control group are indicated in each graph for comparison. Data are mean±s.e.m. from 4 to 5 animals for each group. Pravastatin: mg kg À1 day À1 . *Po0.05 vs. control. Figure 3 Effect of pravastatin and olmesartan in the oral glucose tolerance test (OGTT). KK-A y mice were treated with pravastatin and olmesartan for 2 weeks at the doses indicated. OGTT was performed as described in 'Methods'. Data are mean±s.e.m. from 5-8 animals for each group. Prava: pravastatin (mg kg À1 day À1 ), Olm: olmesartan (mg kg À1 day À1 ). *Po0.05 vs. control.
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On the other hand, statins are widely used for patients with hypercholesterolemia, with the expectation of protective effects on vasculature. Indeed, recent accumulating studies indicate that statins can exert pleiotropic effects on cardiovascular diseases. However, the effect of statins on glucose intolerance is still controversial. A statin retarded the progression of glucose intolerance in a type II diabetic model, the Otsuka Long-Evans Tokushima Fatty (OLETF) rat. 15 On the other hand, Satoh et al. 16 reported that a statin did not improve glucose intolerance in another diabetes model, the Goto-Kakizaki rat. This study indicated that pravastatin improved OGTT and increased tissue glucose uptake in type II diabetic KK-A y mice in a dose-dependent manner. These effects were apparent at a dose of 20 mg kg À1 day À1 , which decreased plasma cholesterol (Table 1, Figure 2 ). These results suggest the possibility that pravastatin can improve glucose intolerance through a modification of cholesterol metabolism and/or independent of HMG-CoA reductase inhibition. Our results were similar to those using OLETF rats, but different from those using Goto-Kakizaki rats. Such differences are probably due to differences in the strain of animals and type and dose of statins.
In addition, a noneffective dose of pravastatin could improve OGTT and increase tissue glucose uptake in combination with a noneffective dose of an ARB, olmesartan ( Figure 5) . We have previously reported that ARBs, including olmesartan, improve OGTT by increasing glucose uptake into skeletal muscle. 4, 14 Interestingly, the results of this study suggest that the combination of pravastatin and olmesartan synergistically enhances their effects on glucose intolerance in diabetic mice.
Such synergistic actions were observed in the effects of a RAS blocker and a calcium channel blocker on cardiovascular remodeling or on ischemic brain damage. 5, [17] [18] [19] On the other hand, it is reported that statins have pleiotropic effects on cardiovascular disease. We have reported that fluvastatin attenuated atherosclerosis formation synergistically with an ARB, valsartan, because of the inhibition of oxidative stress in the vasculature. 8 Statins also reduce vascular remodeling. 8, 20, 21 However, this study suggests that statins also enhance the improvement of glucose intolerance in type II diabetes caused by ARBs.
The mechanism of action of this combination on glucose intolerance remains unclear. In this study, pravastatin and/or a combination of noneffective doses of pravastatin and olmesartan did not modify the plasma insulin level. Thus, these drugs may not affect insulin secretion. Instead, this combination increased glucose uptake into skeletal muscle and adipose tissue ( Figure 5 ). These results suggest that the combination of pravastatin and olmesartan increased insulin sensitivity in insulin-sensitive tissues. 
Previous reports indicate that oxidative stress induces insulin resistance. [22] [23] [24] [25] [26] We have previously reported that superoxide production was decreased by an ARB in the skeletal muscle of KK-A y mice. 4 Other papers indicate that antihypertensive drugs attenuate superoxide production. [27] [28] [29] In this study, an antioxidant, tempol, enhanced the effect of pravastatin or olmesartan ( Figure 5 ). In Figure 5 , tempol increased the tissue glucose uptake caused by pravastatin or olmesartan. These results suggest that a synergistic effect of a combination of pravastatin and olmesartan on glucose intolerance was induced at least in part through the attenuation of oxidative stress.
Oxidative stress induces vascular endothelial dysfunction and inflammation, and thereby may impair arterial function and blood flow. 30, 31 As statins attenuate oxidative stress and inflammation, it may be possible that statins improve tissue microcirculation. Such an improvement of microcirculation might be involved in the beneficial effects of the combination of pravastatin and olmesartan on glucose intolerance.
Moreover, it is reported that pravastatin suppressed TNF-a-induced intracellular oxidants in cultured cardiomyocytes and improved glucose uptake. 31 We previously observed that treatment with an ARB decreased the expression of TNF-a in the skeletal muscle 4, 32 and the plasma FFA level (unpublished data) in diabetic mice. As inflammatory factors, such as TNF-a, and FFA, are involved in insulin resistance, the effect of a combination of a statin and an ARB may be mediated by a suppression of TNF-a and/or FFA, which should be further investigated.
Taken together, although a statin or an ARB can attenuate glucose intolerance in diabetic mice, the combination of a statin and an ARB synergistically improves glucose intolerance by an increase in insulin sensitivity in skeletal muscle and adipose tissue. These beneficial actions of the combination seem to be induced, at least partly, by the inhibition of oxidative stress in insulin-sensitive tissues. We can expect that a combination of a statin and an ARB could provide future new therapeutic strategies in terms of an Figure 5 Effect of pravastatin and olmesartan on tissue glucose uptake and involvement of oxidative stress. KK-A y mice were treated with the lower dose of pravastatin (1.0 mg kg À1 day À1 ), olmesartan (0.5 mg kg À1 day À1 ) and/or tempol, and tissue glucose uptake was measured using 2-[ 3 H]deoxy-D-glucose (2-DG) as described in 'Methods'. Data are mean ± s.e.m. from 5 to 6 animals for each group. (a) Gastro (W): white part of gastrocnemius muscle, Gastro (R): red part of gastrocnemius muscle, Soleus: soleus muscle, EDL: extensor digitorum longus muscle. (b) WAT (Epi): epididymal white adipose tissue, WAT (Retro): retroperitoneal white adipose tissue, BAT: interscapular brown adipose tissue. TEMPO: tempol. *Po0.05 vs. control, w Po0.05 vs. pravastatin or olmesartan without tempol.
Effect of statin and ARB on glucose intolerance H Kanno et al improvement of the metabolic syndrome, resulting in a decrease in cardiovascular events.
